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1. INTRODUCTION

A study of the exhaust plume visibility of a C13()-H aircraft powered by

four Allison T56-A-15 engines was coordinated by the Air Force Engineering and

Services Center (AFESC). This report documents the work performed in defining

test procedures and analyses for visual observations, Smoke Number

measurement, and photographic/photometric measurement of the exhaust plume.

The overall program objective was to relate Smoke Number measurements with

exhaust plume visibility and to determine at what Smoke Number the threshold

of visibility occurs. (Smoke Number is the accepted government/industry

standard for assessing smoke emissions and will be discussed in detail in

Section 3).

The Air Force and The Environmental Protection Agency (EPA) have each

published smoke limiL specifications based upon measured thresholds of exhaust
plume visibility. Although they agree for turbojet and turbofan engines,

these differ significantly for turboprop engines. Figure I illustrates the

Air Force specification (Reference 1) for visible and invisiole smoke as it

relates to the Smoke Number of an engine measured by the method of SAE ARP
1179 (Reference 2) and using MIL-T-5624 (Reference 3) grade JP-5 fuel. It

should be noted that this specification provides a higher Smoke Number goal

than does AF regulation 19-1. However, this specification was developed for

turboprop engines; AF Regulation 19-1 refers to AFAPL TR-74-64 in which the

data and relationships are developed primarily for turbojet engines. (As will

be discussed later, turboprop and turbojet engine Smoke Numbers cannot be

directly grouped.)

The exhaust diameter of the T56 engine is approximately 50 cm; therefore,

as seen in Figure 1-1, the Air Force Smoke Number requirement to insure that

the smoke is not visible is approximately 50. For comparison, the 17 July

1973 EPA emission standards for the class "P2" (all turboprop) engine

(Reference 4) with an operating shaft horsepower between 4,000 and 5,000

suggests that the appropriate Smoke Number is about 29. Proposed revisions
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to the 1973 EPA Standards were issued in 1978 (Reference 5). Under the new

specifications, the maximum Smoke Number alluwable was restated in algebraic

form but was not changed. The 1978 specification requires:

SN• 277 x (r0 )-0.280

ro = rated output power available for takeoff with
standard day conditions in kilowats

For the T56 engine, r0 is approximately 3355 kilowats. Therefore the

maximum Smoke Number specification is:

SN< 277 (3355)" 2.80 = 29

Each of the above standards claims that it represents the limit of visibility.

The exhaust smoke trails from gas turbine engines expand rapidly from the
exhaust diameter from which they exit the engines into a much larger diameter

plume. In EPA's Criterion Report (Reference 6), the basis for smoke plume

visibility was assumed for simplicity to be the transmissivity of the exhaust

gases taken at "the diameter of the engine core flow at the exit plane." The

relation between actual aircraft exhaust plume visibility and engine exhaust

Smoke Number was neither established nor proven in their report. The

simplifying assumption using the exhaust diameter transmissivity was therefore

not validated for cases of real aircraft and engines. In fact, considerable

evidence exists to prove that transmissvity at the engine diameter is not a

valid predictor of plume visibility and that the relationship between jet
plume visibility and engine exhaust Smoke Number is complex. This

relationship has been defined for jet engines in a program conducted for the

USAF by Lockheed Palo Alto Research Laborztory (Reference 7). In this program

the turbulent mixing of turbojet engine exhaust with the ambient air was
defined, modeled, then correlated experimentally with actual aircraft plume

visibility.

3
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Studies of smoke trails from the turboprop engines have led to the

conclusion that the engine exhaust becomes part of a complex fluid dynamic

system. Almost as soon as it exits, the engine exhaust is mixed into the

propeller stream, which is, in turn, influenced by other aerodynamic forces

created by the winds and fuselage. This system is iilustrated in Figure 1-2.

As in the Air Force turbojet model, other factors which influence

visibility include engine size, power setting, numoer of engines, and

placement as well as aircraft flight speed and altitude, observer position,

and exhaust smoke concentration.

The determination of visibility of the exhaust plume from turboprop--

powered aircraft is, therefore, a complex problem. EPA has acted

conservatively in establishing a smoke standard for turboprop engine. .,ithout

performing the supporting analyses and experimental work to define the actual

levels of plume visioility. The conflict of standards heween EPA and DOD has

resulted because neither agency has performed the technical work required to

determine the true threshold of plume invisibility.

Neither standard is based on quantitative measurement of the light

transmission of the smoke plume. Utilizing trained observers and the

calibrated photometric techniques discussed in this report has provided a more

precise determination of the visible smoke level for input to turboprop engine

smoke standards.

4
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Propel~er Diameter 13-.5 ft.

Engine Exhaust Diamecter 1.4 ft.

Figure 1-2. schematic of Exhaust Plume System observed from Hercules Transport,.
System Consists of Engine Exhauist 5,tream. Propeller Stream, and
Diluted Exhaust Plume which is Influenced by wakes from Aircraft.
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Ž. SUMMARY AND CONCLUSIONS

The results of the flight and ground testiing performed to determine the

threshold of visibility of the exhaust smoke plumes from a C-130H, powered by

T56 turboprop engines are reported herein. The exhaust plume visibility in

flight was measured photometrically and observed by trained smoke observers.

During ground testing, engine runs were mnude at the same power points used

during the flight observations. Smoke plumes from the ground runs were

measured, using Society of Automotive Engineers ARP 1179, observed and

measured photometrically.

To determine the necessity for making the above tests, a study of the

optical characteristics of smoke plumes, and of aircraft engine exhaust plume

visibility measurements was made. Tne results of this study, of the

experimental smoke visibility tests of the C-130 transport, and the anilysis

of the data have led to the conclusions stated below.

a. The analytical studies which preceded the experimental testing

confirmed that the determination of -xhaust plume visibility and its relation

to Smoke Number in the engine exhaust is a complex procedure, depending on a

number of different parameters, many of which are poorly defined. Therefore,

the only accurate way to determine the threshold of visibility with Smoke

Number is by experimental measurement.

b. Contrary to the situation which exists for jet propelled aircraft,

prior to these tests, neither data nor mathematical models existed which could

be used to establish a Smoke Number standard for turboprop engines.

c. Smoke observations made by trained observers indicated that the EPA

standard was overly conservative. Ground runup opacities did not exceed 10

per cent with either JP-4 or JP-5 fuel, under any power condition. Inflight

emissions were only visible during approach flybys and turn phases of the

test. At no other time did the emissions add to the aircraft visibility.

•. , .. • .,.;, ',, "-tC



Exhaust plumes viewed at a perpendicular angle (900 angle between

observer-line-of-sight and exhaust plume) were not visible.

d. However, the trained obscrvers could not produce data of sufficient

accuracy to define the threshold of visibility during flight.

e. The analysis of the photometric data taken during the flight tests

showed that the threshold of visibility was at engine SN = 48.

f. The photometric data analysis also showed that measurement of the

exhaust plume transmission of aircraft engines should be made at right angles

to the plume, and with a uniform background. This agrees with the conclusions

of Hoshizaki,who studied jet plumes (Refere.-,'e 7).

The experimental and analytical work accomplished during this program was

directed toward determining the threshold of visibility and Smoke Number to

visibility correlations for the C130 transport and the T56 engine. No work

was done to include other engine sizes and propeller-airframe combinations

which could be used to generalize the information produced. It is recommended,

therefore, that additional work be performed to include various enqine sizes.

various applications, th- study of turboprop exhaust plume aerodynamic

performance, and the construction of a mathematical model which can predict

visibility threshold levels. The beneficial result would be the capability to

accurately predict the exhaust plume threshold of visibility and the

associated engine Smoke Number which will meet tactical and aesthetic
requirements.

7
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3 TECHNICAL DISCUSSION

The determination of the visibility/invisibility of gas turbine engine plumes

is a complex problem. To understand the issues, one must first define plume

opacity and determine the fdctors aftecting opacity in plumes. Next, one must

study the parameters affecting the optics of aerosols. Then, one needs to

apply this understanding to the particular case of aircraft plumes,

determining first the factors affecting plume opacity, ana then finding how
these interplay with Smoke Number. Finally, one must conclude how all the

above pertain to the particular case of turbroprop engine plume visibility.

3.1 PLUME OPACITY

When gases are discharged into the air, their plumes are often visible
as they contrast against the background, being either considerably lighter

(greater luminance) or darker (less luminance). Light interacts with a plume

because of absorption and scattering.

The transmittance is defined as:

% 4 loU (I-I)OU
0

where I is the intensity of the light passing through the plume

I0 is the intensity of the light entering the plume

Opacity is defined as

% OP 100 - % TR (3-2)

8
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Thus a transparent plume has 100 percent transtnittance and 0 percent opacity;
a totally opaque plume has 0 percent transmittance and 100 percent opacity.

Nomnally transmittance lies somewhere between these extremes and

follows Bougher's (Beer-Lambert) Law:

I = I exp (-bx) (3-3)

where b is the extinction coefficient due to gases and aerosols in the plume

x is the thickness of the plume.

Generally the extinction coefficient is represented as the sum of

several components:

b = bI + b2 + b3 + b4  (3-4)

where b 1 is the component due to light scattering by aerosols
b2 is the component due to light scattering by gas molecules

b3 is the component due to light absorption oy gases and vapors

b4 is the component due to light absorption by aerosols

As mentioned earlier, the plume is visible because it contrasts

with the background. The luminance contrast is defined as:

CP P b 3 Bb

Bb (35)

where B is the luminance of the plume
p

Bb is the luminance of the background

The luminance of the plume, however, is directly related to that of

the background:

9



Bp B b x T + Bso (3-6)

where T is the fraction of l ight transmitted through the plume

Bso is the luminance seen by the observer due to scattering

The luminance contrast is thus given as

CP = T -1 + B'- (3-7)
p

If we have an absorbing plume (the general case and certainly the case for

aircraft plumes), Bso /3p approdches zero; and the contrast is always

negative. A contrast of -0.50 therefore indicates a transmission of 0.50, or

a transmittance of 50 percent, a contrast of -O.US indicates a transmission of

0.95, or a transmittance of 95 percent. Thus a contrast m;,ap can provide a

quuntitative analysis of the plume.

3.2 PARAMETERS AFFECTING PLUME OPACITY

The interaction of aerosols with light is a co.iplex phenomena that

depends, often in a nonlinear fashion, on such parameters as (Reference 3):

(a) wavelength of the light

(b) size distribution

(c) refractive index (including its complex pa;'t, if any) and its size

variation

(d) particle shape and physical structure and orientation with respect

to the sight path, and their size variation

13W



(e) the variation of b through d alonq the sight path and in time.

These parameters and how they innteract witn and affect the components of

the extinction coefficient given in Equation (3-4) require examination.

Light interacts with particles in the plume (from molecular size up) as a

result of the electromagnetic wave nature of the light and the charge

distributions in matter. Particles which are small relative to the wavelength

experience the same electromagnetic field throughout. This establishes a

dipole in each particle that is a function of its polarizability. As the

field varies in time, so does the dipole; hence it emits radiation (all

oscillating dipoles do). This emicsion of light results in the removal of

radiation from the incident beam and in the redirection of the radiation in

the characteristic dipole pattern. Particles in this size range are said to

be in the Rayleigh range (i.e., the particle diameter is less than

approximately one-fifth the wavelength, 0.1 vim, for visible light). In this

range the scattering component of the extinction coefficient decreases with

the sixth power of the decreasing particle diameter -- b2 is thus negligible

in Equation (3-4). The cross-section for absorption, on the other hand, is a
volume effect and thus decreases with the third power of the decreasing

diameter. (Reference 9)

Hence absorption is the dominant mechanism in the Rayleigh range, and

extinction coefficients for absorbing particles will be greater than those for

nonabsorbing particles of the same size by roughly a minimum of one order of

magnitude. (Reference 10)

Absorption by gases is well understood and is found to be small, if not

negligible, in essentially all caes dealing with predominantly aerosol
pollutants. Charlson (Reference 8) has examined the case for NO2 (the only

absorbing gaseous species present in optically significant quantities) in auto

exhausts. He suggests e typical ratio b1 /b 3  7 at 500 mm and 10 at 550 mm

11
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based on work of Charlson and Alquist. (Reference 11) Thus, even in a worst

case conservative situation, absorption by qaSeS remains small.

As the particle size increases and the aerosol particles become large in

comparison to the wavelength of light, the electromagnetic field no longer

remains approximately the same across the particle diameter. Mie was the

first to describe this situation from a theoretical viewpoint and developed a

series of equations to model the scattering behavior (Reference 12). An

excellent discussion of these results, called Mie theory in honor of its

developer, is given by Vande HiIst (Reference 9). These relationships

describe the process of scattering for particles o7 any size, even in the

Rayleigh range, and show a complex character for the solutions where particle

size is approximately equal to or greater Lhan the wavelength. This

complexit,' results from the interference of the interacting waves and exhibits

strong naxima and minima (structure) as a function both of particle size and

of detection angle.

If, however, a distribution of particle sizes is considered, much of the

complexity disappedrs dS ildiVidldl lmadXimamd or miniiua are averaged out (extrema

are a function of particle size). Nevertheless, the interactions of particles

whose sizes are approximately equal to the wavelength are found to be much

larger than for other sizes, and often predominate. As an example, a study

was conducted where the scattering coefficient per log diameter interval was

calculated (for a measured size distribution in Los Angeles smog) as a

function of wavelength. Particles in the narrow range of sizes, 0.2 vjm

particle diameter <1.0 iim, accounted for almost all the scattering component

in the smog aerosol (Reference 13). Hoshizaki etal. (Reference 7) have made

extensive studies examining rocket exhaust plumes which typically scatter

rather than absorb light. They find this same behavior. If the aerosol is

composed of particles much smaller or much larger than the wavelength of

light, the optical signature greatly decreases. Also, they find that if the

total particle mass is held conrmtant while the particle diameter is varied,

12



the combined changes in scattering cross-section and number density result in

a maximum scattering coefficient near 1.0p in. The scattering coefficient isi

found to be an order of magnitude less for 0.1 •,in and 10pm diameter particles.

The Mie formulas can be used to calculate the optical extinction cross-

section (defined by the ratio of the to•a; power dissipated, i.e., power

scattered and absorbed, to the incident illuminitior intensity). The

extinction cross-section, CE, is expressed in terms of the Mie scattering

coefficients am and bm by the following relationship:

2

(.L, (2m + 1) (Re a + bm (38CE 2 n 1 m

where X is the wavelength and Re signifies the real part. Similarly the

cross-section, Cs, for scattering is defined by the ratio of the scattered

power to the incident illumination intensity and can be expressed by:

2 00

C= 2 (2m + 1) ( lamta 2 +tbm 2) (3-9)

The absorption cross section, CA, can easily be found from the known

relationship

CE Z CS + CA (3-10)

Hence, knowinq the particle's refractive index, size, and illumination

wavelength enables the determination of the cross sections for extinction, for

scattering, and for absorption.

Investigations have shown that refractive index, especially the imaginary

part, can significantly affect extinction cross-sections both in magnitude and

in interface structure. Faxfog (Reference 10) has examined the variation in
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extinction cross-section with parttic le diameter as refractive index is varied

= 0.6328 irn). Indices used included thýse for iron (m= 1.51 - 1.63i),

lead (m = 2.01 - 2.48i), graphite (in L 2.b ,- O./ýi), polystyrene (m = I.b95),

sulfuric acid (in = 1.40), and water (i = 1.33). For particles above 0.3tim

diameter, extinction cross sections were within the same order of magnitude,

but for particles below 0.3 nim the cross sections for optica.lly absorbing

spheres were more than an order of Magnitude larger- than for transparent

spheres.

No interference structure in plotting the extinction cross section as a

function of the particle size is observed for particle sizes in the Rayleigh

range. This situation, however, changes as the particle size increases to a

magnitude similar to the wavelength. For transmitting particles (extinction

cross-section and scattering cross-section equal), pronounced structure exists

with maxima and minima in the cross-section as a function of particle size;

for particles (extinction cross-section equal to the sum of scattering

cross-section and absorbing cross.section), little structure exists--it has

been damped out.

Wittig et al. (Reference 14) have examined the effect of adding an

abosrbing component to the refractive index. They find that the interference

structure has been smoothed out for absorbing particles although the general

shape of the cross-•ecLion curves for absorbing and nonabsorbing particles

remains the same. Work by Roessler and Faxfog (Reference 15) further supports

these findings. They find that for absorbing particles the specific

extinction coefficient (extinction coefficient per unit mass) peaks at a

particle diamever near the incident light wavelength and then rapidly

decreases as particle size i s increased. In the Rayleiqh range, the absorbing

particles follow the expect.ed third power dependence on size.

14



3.3 AIRCRAFT PLUMES AND OPACITY

The mass emissions and particle size data for turbine engine exhausts

have been measured now in a number of different investigations. (References

16, 17, 18) Although relatively wide variations are found, the results ire

consistent enough that certain generalizations can be made.

a. Size distributions are not necessarily simple in structure.

Champagne (Reference 19) reported a bimodal size distribution with particles

grouped in the submicron region (consisting over 50 percent or more by weight

and primarily responsible for plume visibility) and in the region of 1-15 Pm.

Other investigators have found that the submicron size distributions are also

not simple.

b. Particle size number concentration appears to increase as particle

size decreases (indicating a particle growth mechanism through carbon

agglomeration).

c. Over the range of measurement ( U.0l vim and larger), the geometric

mean size ranges from 0.04 im - 0.08nm depend on the engine power setting.
Standard deviation for a representative distribution is approximately 1.7.

d. In contrast to number distributions, volume distributions appear to
have a pronounced peak in the 0.0511m - 0.5vim range. (Reference 17)

McDonald (Reference 20) was one of the first investigators to examine aircraft
exhaust plume visibility. He concluded that a large fraction of all emitted

carbon leaves the tailpipe in the form of carbon particles of only a few
hundred Angstrom units diameter and that soot formation takes place primarily

in the wake, aft of the engines. Results of Stockham and Betz (Reference 21)

further support these conclusions. They found the geometric mean particle

diameter to be 0.052 Pim at the exhaust and to increase in size to 0.13 Pm ten

nozzle diameters downstream. Exhaust particles had a lacy agglomerated

15
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structure and were characterizte(1 as carbon flocs, Enhis is consistent with

their earlier assessment that the extinction of liqht by turbojet engine smoke

is due to II percent scattering and iY percent absorption of light, i.e.,

primarily an absorbing ol Iume. The essent iilly carbonaceous content of

aircraft exhaust particulates has been noted uy a number of investigations,

including a recent detailed characterization of the chemical composition of

gas turbine engine exhaust particulates. (Reference 22)

Although carbonaceous in nature, particulates are not completely composed

of carbon, but can have significant amounts of other elements, especially

hydrogen and oxygen. Furthermore, agglomeration mechanisms generally result

in irregularly shaped particles instead of smooth spheres. (Irregularly

shaped particles, have been found to damp the interference structure and

smooth the extinction cross.-section c]urve as a function of size.)

(Reference 23),

This lack of knowledge on tne structure and composition of the exhaust

particulates presents two problems. The t ¾rst is how to accourt for shape

factors and their effect with particulate size distributions on the extinction

cross-section. the second is what index of refraction should be used

(Reference 24). As discussed previously, size distributions are poorly

defined; and measurements that are made give an effective size. Hence, only

estimates of an "effective" size distribution can be made. Also, as discussed

earlier, the index of refraction, especially the imaginary part, has a major

effect on the opacity of small particle plumes. Ensor and Pilat (Reference

25) have demonstrated significant changes in what is essentially the

extinction cross-section for plumes composed of submicron particles with a

geometric mass mean radius near 0.1. They have also determined optical

parameters for a number of different sources. They have found a variation in

extinction coefficient greater than a factor of ten when they include fly ash

as well as various black smoke sources (absorbing plumes); and even for the

various black smoke sources they fin d a variation greater than a factor of

16
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three. They attribute these variations to size distribution, particle

density, and refractive index chang.!s.

In later work Thielke and Pilat (Reference 26) tiave demonstrated a method

for characterizing the relationship between particulate mass concentration and

light transmission when the particle size distribution deviates from the

log-normal mcdel. This requires knowledge of size distribution, refractive

index, and incident light wavelength. This, or a similar method is needed to

properly characterize an aircraft plume. The conclusion, therefore, is that
light transmission and smoke concentration cannot directly be related without

significant error, unless additional physical parameters are known.

3.4 SMOKE NUMBER.

Traditionally, three different techniques nave been available to quantify

particulate emissions: gravimetric mass, plume visibility, and stained

filter. Smoke Number utilizes the stained filter technique and, in a sense,

relates mass and opacity. Smoke Number is a dimensionless term quantifying

smoke emissions from gas turbine engines during ground test and is used as the

current government/industry standard. The procedures for measurement are

well-defined and standardized in ARP 1179. (Reference 2) Smoke Number (SN)

is defined by the following equation:

SN 100 (1 - (3-11)

where R = reflectance of the soiled filter

Rw = reflectance of the unsoiled filter

when the filter loading, i.e., the mass of gas passed through the filter paper
2 2per unit area, is 0.023 lb/in. 2 or 1.62 g/cm . Thus Smoke Number

increases with smoke density and is rated on a scale from 0 to 100.

17
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Wood (Reference 27) has reviewed the correlations between smuke

measurements and optical properties of jet engine smoke. The projected

extinction area of the smoke particles is given as S (W /P )W where S
p ee p

is the specific particle extinction area (extinction coefficient per unit

mass), we is the mass of smoke particles per unit exhaust gas, pe is the

density of engine exhaust gas, and W is the mass of engine exhaust gas. The

extinction area is then used in the development of an expression to relate the

soiled area (As) on the filter paper to the unsoiled area (A-As):
As s.We

A W We exp S W - (3-12)
T 1 e p A p

Assuming that the reflectance of the soiled filter can be expressed

as the area-weighted sum of the unsoiled area (R = Rw) and the soiled area

(R = 0, assuming total absorption by the particles), Equation (3-12) may be

expressed as:

s = exp S (3-13)

R ex p A pRw A~e

Shaffernocker and Stanforth (Reference 28) measured reflectiviti s against a

gray background for jet engine mass emissions. Making the correction for

background and applying the relation given in Equation (3-13) shows that a fit

with the data only exists in a narrow range of reflectance ratios Rs/Rw

from 1.0 to 0.8. However, Wood then used a concept introduced by Stockham and

Betz (Reference 21) to incorporate an exponential factor in Equation (3-13).

When this is done, the equation has the form:

R s : I'S Wbee

'I~ -K b (3-14)R exp W- W
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where b and C are both constants. Good agreement with the experimental data

is found assuming Sp=8.64 x lU4 cm 2/g, b = 0.48 and C = 3.14 over a range

of reflectance ratios Rs/Rw less than 0.6, i.e., heavily stained. The

range between the two sets, i.e., U.b < Rs/Rs <0.8, can be fit by a smooth

curve.

These relationships between Smoke Number and mass3 loadings, especially

those for higher Smoke Numbers (Rs/Rw< J.6), have a number of

limitations. Particle reflectives are assumed to equal zero, i.e., totally

absorbing; the optical nature of the particles is assumed to be unaffected by

the filtration process; finally, a multiparameter curve (Sp. b, and C all

are allowed to vary) is fit over a limited amount of data. In fact, one later

research group has concluded that Smoke Number measurements do not correlate

with gravimetric measurements. (Reference 29)

Relationships between Smoke Number and exhaust transmittance have also

been examined. Work done by Champagne (Reference 19) to define smoke plume

visibility as a function of smoke plume visibility was incorporated into AFAPL

TR-74-64 (Reference 30) which, in turn, is quoted by Air Force Regulation

19-1, governing Air Force smoke goals. Essentially Champagne applied an

equation developed by Ensor and Pilat (Reference 31):

I L LW

To exp T - x 10 "3 (3-15)

where Io = incident light

I = transmitted light

L = path length for attenuation

p = average particle density

K = a coefficient (units of cm3 /m2 ) determined from curves as a

function of particle size distribution, index of refraction, and

light wavelength.
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Using 1/10 0.95 and 0.96, assuming the particle size distribution

given by Stockham and Betz (Reference 21), taking the K value corresponding to

this distribution (assuming also a value for the index of refraction which has

a strong affect on K), and taking 2'.0, Champagne generated a transition

regime between invisible plumes and visible plumes. The lower boundary of

this regime corresponding to the I/Io = 0.98 has been incorporated into Air

Force Regulation 19-1 as the Smoke Number goal as a function of plume depth at

the nozzle (the nozzle diameter). Over the range of particle sizes and

possible refractive index values which aircraft exhaust particulates may have,

the K value can change substantially, although the value chosen by Champagne

does appear to be conservative at the lower boundary of possible values, and

hence results in maximum opacity) (K = 1/,Sp; i.e., it is inversely

proportional to the product of density and specific extinction coefficient).

Over the range of geometric mean particle sizes and standard deviations found

to be typical for aircraft emissions, K values can change by over 30 percent;

more importantly, over the possible ranges of refractive index values, K

values can change even more. Hence, phenomena such as agglomeration of carbon

particles into soot flocs, cannot be trivially assessed in their effects on

plume visibility.

3.5 TURBOPROP VISIBILITY.

As shown in the previous discussions, determination of plume visibility

and its relation to Smoke Nunmber is a complex procedure, depending on a number

of different parameters. These parameters are poorly defined, which leads to

the conclusion that actual measurement of the plume visibility and Smoke

Number over a range of operating conditions is the only accurate way to

determine the threshold of visibility with Smoke Number.

Additional considerations also must be made concerning whether engine

exhaust diameter is a reasonable parameter in the USAF Smoke Number goal.

Eng 4 ne exhaust diameter is determined by the type of cycle as well as mass

flow. Turbojet engines, for example, use small sonic, choked nozzles;

20
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turboprop engines require large, low velocity turbine exhaust. This

characteristic exhaust diameter is defined for two different cycles of 501

(T-56) engines in Table 3-1. The first engine shown, the 501-U22A, was
designed to operate at 320 knots air speed between 15 and 30,000 feet altitude,

and has a small amount of thrust recovery from the exhaust. The second

example shows how the 501 engine would be designed if power recovery in the

turbine were to be maximized for low speed operation, without thrust

recovery. The Smoke Number required by the Military smoke standards is also

given. Table 3-1 shows that the same gas generator (the same mass flow, cycle

temperature and pressure ratio) can require an exhaust nozzle diameter which

varies from 17.2 inches to 29.8 inches depending entirely on the application

cycle chosen. Furthermore, the table also shows that tthe same gas generator

would have to meet Smoke Numbers which vary from 35 to 54 depending on the

cycle and consequent exhaust diameter. Considering the fact that each of the

two example enqines produces the same mass of exhaust, it can be seen that nczzle
diameter alone is not an acceptable parameter for smoke control. Ani

invisibility criterion which uses exhaust nozzle diameter alone therefore can

lead to a wrong conclusion. I
TABLE 3-1. ENGINE EXHAUST ENGINE CYCLE RELATIONSHIP

FOR 501 SERIES Ill ENGINES I
Reference Required

501 Engine Typical Aircraft Nozzle Nozzle Military Smoke
Variant Application Area Diameter Specification No.

501-022A 320 Knots 232.7 17.2 MIL-E-8953A 54
Transport (45.7 cm)

Free Turbine Low Speed 700 29.8 MIL-E-8593A 35
with exhaust Transport (75.8 cm)

diffuser

Additionally, work done on turbojet powered aircraft plumes has further

demonstrated the weakness of using present Smoke Number criteria (Reference
7). In this Air Force-sponsored program, a model was developed which (1)

defines the exhaust plume properties at the enqine exhaust; (2) computes the
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engine wake and the turbulent mixing of the wake with ambient air; (3) coln-

putes the smoke concentration in the wake and the local extinction coeffi-

cient; (4) determines contrast; and (5) assesses thresho'd smoke criteria.

Results were compared with data and agreement ranged from good to poor.

As part of this Jet Plume program, both USAF and EPA jet engine smoke

standards were examined. These were found to be "adequate and may be somewhat

conservative in terms of plume visibility." The explanation offered for Lhis

conclusion was that Champagne did not consider the effect of nozzle exhaust

gas density, i.e., (Reference 19) in his correlation of Smoke Number to

transmittance. In the hot exhaust, density is much lower than the star .rd

temperature and pressure conditions. Ttnic results in Champagne's curve, being

too low.

Other conclusions were that the Mir Force Goals are "fortuitious" and

"smoke standards for the esthetic nuisance case which correspond to plume

invisibility at or near the nozzle exit would also be adequate for the

tactical case." .

To be sure that the Air Force "Jet Plume Visibility" report had been

interpreted correctly, this program was discussed with Dr. W. S. Blazowski,

who was the USAF project officer, and MIr. H. Hoshizaki, Lockheed Palo Alto

Research Laboratory, who was technically responsible for the work. It was

found that the program was directed toward smoke detection from turbojet-

powered aircraft, but not to turboprops and that no plume model existed for

turboprops.

In summary, it was found that while the USAF and EPP, smoke standards for

turbojet engines were conservative and the USAF jet goals were "fortuitous,"

no such program or model existed which could be applied to smoke from

turboprop aircraft. Furthermore, no valid b[sis oxisted to predict a

turboprop smo!,e standard with a high degree of confidence.
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4. TEST PLAN AND PROCEDURES

The currently accepted standard relating gas turbine engine smoke

emissions and exhaust plume visibility is Smoke Number. However, d,, pointed

out in the previous chapter, the relationship between visibility and Smoke

Number is an indirect, empirically derived correlation that contains a number

of assumptions. The net result is that Smoke Number often becomes r)re a

qualitative than an actual quantitative guideline for exhaust plume

visibility. To resolve this problem for the specific case of the T56

turboprop engine, a series of tests was conducted on a C130H transport at the

Air Force Flight Test Center, Edwards AFB, California. The objective of these

tests was to define the Smoke Number(s) at which the T56 exhaust plume became

invisible. The major objective of tnis test program was to relate the ground

test smoke measurement method, SAE Aeronautical Recowciended Practice No. ARP

1179, with the in flight exhaust plume visibility from the T56 engine.

Both flight tests and ground runs were conducted at different engine

power settings. jP-4 and JP-5 fuel were both used so that a range of

increasing Smoke numbers was covered in which the exhaust plume transitioned

from appearing invisible to appearing visible. On the ground, both Smoke

Number and visibility measurements were made by trained observers and by

photometric techniques. During flight tests, only visibility measurements

were made.

4.1 FLIGHT TESTS

The flight tests were held at the North Base Runway 06-24 at Edwards

AFB. Based on photographic measurement requirements and EPA requirements for

observation of visual opacity of smoke ,iissions, the data was collected with

the sun at the back of the observers. Tht. flight sorties included normal

takeoffs, flybys, and approach and landings using JP-4 and JP-5 fuels.

Engine power settings were flight idle, approach, cruise, climb and takeoff

power for each fuel type.
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Takeoffs and landings were accOpip ished to and from the west and the

flight pattern selected was race trdck. Fiqure 4-1 illustrates the flight

path and locations of the observers Lind tracKinlg platforms. The solid portion

of the flight paths indicate the location of the aircraft when smoke

transmission data were recorded. Point A was an average of 17K ft from Point B

and represents the beginning of the inbound portion of the flight path. At

airspeeds of 200 to 300 knots (340 to 500 fps) each inbound sequence provided

approximately 40 seconds for data collection.

The observers and recording cameras were located on the south side of the

runway. Camera #1, mounted on the tracker, was located on the edge of the

runway, along with a visual opacity Observer A, as shown in Figure 4-2.

Camera #2 was positioned 300 ft offset fruin the runway, as illustrated in

Figure 4-1. Visual opacity Observer 3 was located on the edge of the runway,

approximately 2000 ft west of the cameras. The separate positions were

selected to provide slightly different viewiog aspects for each observation

made. However, the fly-in from Point A at 17K range provided similar viewing

aspects for each of the three positions for most of the inbound sequence. For

the average flight altitude at 400 ft and track ranges of 17K ft to EK ft, the

observer viewing elevation angles for Observer A and the two cameras were 1.4'

to 4.6* and for Observer B were l.5' and /.6'.

Data recorded on the aircraft during the flight test included each engine

horsepower, fuel flow, torque, turbine in temperature, altitude, airspeed, and

aircraft configuration. Ambient conditions at the time of tile flight tests

(20 May 1980, 0830 hours to 1021 hours), included measured air temperatures of

60*F to 78°F, and atmospheric pressure of /7.tl inches of Hig. The wind speed

ranged from 1 mph to 0 mph at a 10' theading. Tlhe visibility varied from 4b

miles to 35 miles.
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4.2 GROUND TESTS

Ground testing consisted of a run-up of the inboard engines of the

aircraft during which engine Smoke Number and exhaust plume visibility were
measured over the engine power range. The tests were conducted on a runup
pad number 18 on the afternoon of May 20, 1980 from 1352 to 1459 hours.
Figure 4-3 shows A/C 1586 during ground test running.

During these tests, the aircraft was faced west so that the sun would be
normal to the exhaust streams. Engine number 2 was instrumented for smoke
measurement. Engine No. 3 was run at the same power setting to balance thrust
on the aircraft. The exhaust plume visibility from both engines operating on

both JP-4 and JP-5 fuels was measured by observer and photometric methods.
The fuel which was used during the flight and ground testing, was sampled by

draining approximately 1 pint from each of the wing tanks.

4.2.1 Engine Smoke Measurements

Four candidate fuels were originally planned for the C130 flight tests:

JP-5, JP-4, commercial heptane, and a blend of heptane with JP-4. Materials
laboratory tests of these fuels were made to evaluate the smoking potential of
each fuel and to determine the blending proportions of heptane/JP-4. ASTM
smoke point tests, API gravity, and percent aromatics were used as criteria.
The results were predictable. Smoke point ranged from 21.6 mm for JP-5 to
43.4 mm for heptane. A blend of 60 percent heptane, 40 percent JP-4 was
selected as the fourth fuel for engine testing.

All four fuels were run in a T56 Power Section on engine Dynamometer
tests at the Detroit Diesel Allison factory to determine the Smoke Number (SN)
produced by each fuel. The results of these tests were not anticipated.

Engine SN did not correlate with ASTM smoke point or fuel hydrogen content -

which was contrary to accepted literature results. As shown below, engine SN
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was 55 and was reduced as expected during running on JP-4. but then it

remained constant on the 60/40 heptane/JP-4 blend and een on 100 percent
heptane. Consequently, heptane and the heptane/JP-4 blended fuels were

dropped from the program.

TABLE 4-1. T56 SMOKE WITH VARIOUS FUELS

Fuel Engine SN Smoke Pt. %H Hdrogen

JP-5 55 21.6 14.0

JP-4 46 29.2 14.6

Heptane/JP-4 45 37.9 15.2

Heptane 45 43.4 15.5

While unexpected, the above results still provided the necessary range of

Smoke Number based on earlier crude estimations of visibility threshold

conduL;t.ed in-house by Detroit Diesel Allison.

Ground smoke tests were then made at Edwards AFB using JP-4 and JP-5 on a
T56-A-15 engine that was the left inboard engine on a C13CAi aircraft:

Aircraft serial numb:," 73-1586, engine serial number AE 106872. Figure 4-4

shows the ground smoke tests in progress. Engine number 3, the right inboard,

was run at the same time to balance thrust on the airplane and help keep the

plane stationary. To sample the exhaust, a smoke probe was clamped to the

tailpipe of engine No. 2, replacing the aircraft exhaust pipe. The probe was

designed for test stand measurement of T56/501 engines and Was modified for

this test program by adding an exhaust deflector. The probe consists of:

seven radial tubes, each with four sampling holes; supporting struts and ex-

ternal shell, a centerbody collector, a clamping ring and an exhaust deflector

shield. Each of the 28 sampling holes is locateo at the centroid of 28 equal

areas, so that sampling of the exhaust is representative. The exhaust from
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each of the seven tubes is manifolded into a center collector and thence to
the sample line, which was heated. The smoke meter, sample line and probe,

all conform with SAE ARP 1179, as did all test procedures.

4.3 VISUAL OBSERVATIONS

The USAF Occupational and Environmental Health Laboratory (USAF OEHL)

provided two certified visual emission readers for the test series, Capt John
E. Stevens, Jr, Consultant Air Resources Engineer, and TSgt John Vlasko, Air

Quality Technician. Both Captain Stevens and Sergeant Vlasko held valid
certificates from the Texas Air Control Board to conduct visual opacity

determinations.

During the flight tests, both observers were stationed on the south side

of the runway, approximately 1/4 mile from each other. The aircraft
was visible to each observer during its entire rectangular flight pattern,
except for a 10-second interval where distant trees blocked the observer's
view. With this race track shaped flight pattern, the observers could be

perpendicular to the plume at only two points. At these two points, the
minimum visual path thruugh the plume could be obtained. At other points in

the flight path, the observers always looked through a longer path length of
smoke plume.

No difficulty was experienced in keeping the sun oriented in the quadrant

of the observer's back. Observer B recorded readings at least every 15
seconds during the entire flight pattern. Observer A was situated next to the
photographic equipment and read at 5-second intervals, but only during the
approach and flyby phase of each run (Zoies A-B on Figure 4-1).

4.4 PHOTOGRAPHIC/PHOTOMETRIC MEASUREMENTS

For photometric measurements, two 35 m:n Canon F-1 format cameras were used.

Each camera was equipped with a 250.-exposure film back, motor drive, automatic
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exposure control, and a 100 mm lens with a Wratten No. 8 yellow filter. The

photographic film/f il er system was designed to obtain a spectral response

approximating the eye (photopic). To obtain records of the overall

illumination conditions at the time of the test, a SpectraSpot 1/20

Field-of-View photometer was used.

The selection of the photographic film for recording of the photometric

data is dependent upon the ratio Lf the amount of light from the smoke plume

to the amount of light from the bacKground (transmission of th.e plunie). For

this test, tne exhaust smoke plumes were expected to be near tne threshold of

visibility, i.e., 95 to 98 percent plume transmission, and therefore, the

brightness of the plume was expected to be very close to the brightness of the

background..,

Specification of the film was based on the minimum plume transmission to

be measured and the minimum density change on the film that can be measured.

The instrument used to measure the film density was a Perkin-Elmer Micro 10

microdensitiometer, which was able to measure density differences as small as

0.02. The plume transmissions that were to be measured during flight tests

were expected to be as high as 98 percent. When the smoke plume is

photographed, the transmission of the plume is:

Transmission of plume = T =- -= 10-' (4-1)
0

where B is the apparent brightness of the smoke

B is the apparent brightness of the background

AD i5 the measured density difference on the film

y (gamma) is the contrast of the film measured usino sensitometric

calibration.
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Based on B s/B 0 equal to 0.98 and D equal to 0.02, the minimum film

contrast, gamma, required for the test was computed from the above formula to
be 2.22.

Eastman Technical Plan Film No. EK 2415 has contrast values between 3 and

* - 4. This was confirmed by sensitiometric tests of the film, conducted at OCT's

Photographic Laboratory. A file contract of y = 3.88 was found from these

tests using standard procedures in a Versamat processor at 5 feet per minute
with Hlunts 500 developer at 79.80F. Since this film contrast was very good

based on the defined requirements, it was selected for the test program.

The proper exposure level during the flight test was required to providl

good images for analysis. The primary concerns were: to obtain sufficient
density of the sky background on the negative film (the dark smoke will always

appear less dense), and to assure that the exposure was at a level where the
film is most sensitive to varying image brightnesses so that the analysis

software coul'i more precisely calculate the plume transmission. Based on a
test series of photographs taken, the above preliminary processing test,

the ASA film speed on the automatic exposure controller was set at 80 to

produce an expected sky background density on the film of 2.3.

A tracking platform, shown on Figure 4-5, and a conventional tripod were

supplied by OTC to record the flight tests. The tracker was a large

manually-controlled, motor-driven platform which mounted the 35 mm camera

(camera #1) and four 16 mm cameras which were for documentation purposes.

Camera #2 was mounted on the tripod. The camera locations are shown on Figure
4-1.

The shutter controls on the two cameras were electrically linked to

provide synchronized photographs of the smoke plume. The photographic

sequence was started at the beginning of each inbound portion of the C-130

flight at a rate of one frame every 5 seconds.
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A problem developed with Camera #1 (tracker-mounted) which was not

discovered until near the end of the flight sequences. The automatic exposur,-

control on the camera was required to provide proper exposure of the tilm

independent of the varying scene background brightnesses, The camera was

mounted on the tracker, however, without coveriny of the viewfinder on the

rear of the camera after the system was boresighted. With sunlight entering

the viewfinder, the exposure sensor determined improper camera exposure

settings. As a result, the recording film was underexDosed and could not be

used for data analysis. The second camera at 30U ft offset, niowever, provided

data at similar viewing aspects for a large percentage of the inbound

sequence. For example, for the ranges of 17K ft to 15K ft the viewing azimuth

difference varied from 1 to 3.50.

4.5 PHOTOMETRIC DATA ANALYSIS PROCEOURE

The basic photometric analysis scheme is illustrated in Figure 4-6. The

film record of the smoke plume during the tests was developed using calibrated

photographic processing in an OTC automatic processor. Image analysis was

then conducted at SCIPAR by scanning the film with a microdensitometer to

convert the image into a digital input for the computer. The computer

analysis of the digitized image produced a transmission wap of the smoke plume

that indicates the ratio of the plume brightness to the brightness of the

adjacent sky background.

4.5.1 Photographic Processing

The film was calibrated for sensitivity using the 21-step exposure tablet

in a Kodak Model 101 Sensitometer. Blank portions of the test film were

exposed so that the step images could be processed with the test images. The

exposure and processing of the step tablet provided information necessary to

relate the film densities measured to the amount of light that exposed the

film. The absolute exposures produced on the film at each step are provided
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in Table 4-2. Five step taulets were used during processing for evaluation ot
the film response throughout the development sequence.

TABLE 4-2. ABSOLUTE EXPOSURE AT EACH STEP

LUXSTEP EXPOSURE (SECS) LOG10 EXPOSURE

1 0.0025 -2.82
2 0.UU2O -2.7U

3 0.0031 -2.51
4 0.0044 -2.36

5 0.0063 - ?.20
6 0.0085 -2.07

7 U.0126 -1.90
8 0.0182 -1.74

9 0.U257 -1.59

10 0.0363 -1.44

11 0.0537 -1.27
12 0.0759 -1.12

13 0.1072 -0.97
14 0.1514 -0.82

15 0.2138 -0.67
16 0.3020 -0.52

17 0.4266 -0.37

18 0.6026 -0.22

19 0.8511 -0.07
20 1.2023 U.08

21 1.6982 0.23

The film was processed in a Versamat processor at 5 feet per minute
with Hunts 500 developer at a temperature of 80.8 0 F. The maximum leo.jo, 3f

film that could be processed was unlimited. The processing sequence was
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completed in less than 2 hours. The imagery processed included approximately

500 frames from the two cameras used in the fliqht test and 10U frames from

the ground test film.

4.5.2 Photometric Analysis Procedure

A Perkin-Elmer Micro 10 microdensitoineter and Digital VAX Il//d0 Computer

System at SCIPAR were used for analysis of the test films. The microdensi-

tometer digitized the photographic images, recording the densities over a

matrix of the image on digital tape. The aperture size selected for scanning

the image, dependent on the overall image size, was O.Ubu min. The recorded

data tape was then transferred to the VAX computer for exposure/contrast

analysis and production of plume transmission maps using SCIPAR CUNMAP

software.

The image location on the film must be identified for input to the

microdensitometer since d restricted portion of the film is scanned.

Coordinates identifying toe location of the smoke plume image and areas of tne

background sky image on each photographic frame were obtained, using a grid

overlay with 1 mm spacings. Using visual examination, the plume imaue

location was identified,using the bottom right corner of each frame as a

reference point. The area scanned on each frdmlle containing the smoke plumne

was a dimension of 5 mm by b 11m. Within this area the density of the image

was measured at 12,000 positions on a ;;iatrix with a 60 i.m spacing. Thle

scanning sequence utilized for each image provided a specific order in which

the data was recorded that allows the computer to reconstruct a map or

"picture" of each image. The scanning sequence of the film examined used 120

scan lines each containing 100 density readings. The relative position of

each of the readings (pixels) on the images is illustrated in Figure 4-7.

Analysis of the image densities requires input of the sensitiometric

characteristics of the film. The density of each of the 21 steps from the five

sensitiometer exposures processed with the images was read using the
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microdensitometer and recorded in an input data set. A plot illustrating the

average film response measured from the set is provided in Figure 4-8. By

measuring the slope of the straight-line portion of each function, the average

value of the film contrast was determined as ' = 2.9b. This contrast,

although not as high as had been determined in preliminary film tests at OTC,
however, was sufficient for accurate evaludtion of the smoke trinsmission.

The computer software, CONMAP, utilizes the film sensitometry data to

relate the densities read from the smoke plume or sky background image to the

relative scene brightness that produced each density. The code then compares

the relative brightness values among the smoke image areas to an average

relative brightness of the sky background to provide a ratio. The computer

output for each pixel is a direct ratio indicating the smoke plume

transmission:

Transmission Brightness of Smoke (4-2)
sBrightness of BacKground

An example transmission map is presented in Figure 4-9. Each symbol

printed on the map renreserits a reading taken Dy the microdensitometer. Since

the analysis is concerned only with smoke that appears darker than the sky

background, areas that are brighter than or equal to the average background

brightness are printed as blanks. [he symbols, U through 9, indicate

transmissions analyzed from the image of 88.8 percent to 93.8 percent. The

symbols, A through J, are utilized to represent transmission of the plume from

93.8 percent to 98.9 percent. A "-" indicates areas where the transmission is

less than 88.8 percent. The 98.8.-percent upper limit results from the

variability of the sky background brightness. In this case a one-.standard

deviation limit was placed on the average or mean background brightness to

eliminate most of the fluctuations within the sky itself.
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5. TEST RESULTS AND DISCUSSION

The program at Edwards FTC. planned to take 3 days, was completed in

a single day of flight and ground testing. The professional conduct of the

participants and the cooperation of their various organizations were

responsible. Special credit is to be given to the flight crew of Aircraft

1586, Detachment 4, 2762nd Logistics Squadron, and the personnel of the 6510th

Test Wing.

The objective of this program, which was to correlate engine ground test

Smoke Numbers (Method SAE ARP 1179) with inflight exhaust trail visibility was

accomplished. With this information, T56 engine Smoke Numbers can be

specified to meet aircraft exhaust smoke visibility criteria. Secondarily, a

conflict between DOD and EPA visibility specifications for turboprop engines

could also be resolved.

5.1 FLIGHT TEST RESULTS

During the flight tests, various patterns were flown to simulate

operations near and around airports, and to facilitate smoke observation and

photography. The patterns were repeated with each fuel, then in part repeated

again with the aircraft operating on both fuels. The two left engines were

run on JP-4, and the two right ones on JP-5. Figure 5-1 shows the aircraft

flying a parallel pass pattern during the testing. Tables 5-1, 5-2 and 5-3

summarize the flight patterns, engine conditions and meterological conditions

of the test.

During the flight test period, scattered and broken clouds sometimes

caused problems in making accurate transmission measurements. The clouds were

documented at 20K ft to 25K ft altitude with coverage increasing from 10

percent to 70 percent during the tests. When the smoke plume is viewed

against a nonuniform brightness sky or cloud background, the visual and
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TABLE 5-1. C-13011 FLIGHT TEST DATA T56 SMOKE VISTIILTTY AND DETECTION

TEST EDWARDS FTC, 20 MAY 180

Run Time Flight Pattern Airspeed Altitude Alrcr,'ft Fuel

No._z. SAtocal) __________ (Knots) (Feet Abl- Tcrr'.fl) Configuratifh W1ed

1 .0830 Approach & Landing -- T/D - 2000 Feet marker 50% Flap jP-4

2 .0841 Takeoff & Climb -- LO - 1500 Feet Marker 50% Flap JP-4

3 .0844 Approach & Landing -- T/D - 1500 Fyet Marker 100% Flap jp-4

4 .0850 Takeoff & Climb 104 L/O - 1500 Feet Marker 50% Flap JP-4

5 .0853 overhead Pass, Flight Idle Power 230 & DCR 300 Clean JP-4

6 .0857 Overhead Pass, Approach Power 200 300 Clean jp-4

7 .0901 Overhead Pass, Cruise Power 255 500 Clean JP-4

8 .0905 Overhead Pass, Climb Power 290 500 Clean JP-4

9 .0911 Overhead Pass, Takeoff Power 280 500 Clean JP-4

10 .0916(1) Parallel Pass, Flight Idle Power 180 500 Clean JP-4

11 .0920 Parallel Pass, Flight Idle Power 200 400 Clean JP-4

12 .0924 Parallel Pass, Approach Po.er 200 425 Clean JP-4

13 .0928 Parallel Pass, Cruise Power 260 400 Clean JP-4

14 .0933 Parallel Pass, Climb Power 275 500 Clean JP-4

15 .0937 Parallel Pass, Takeoff Power 290 500 Clean JP-4

16 .0942(2) Overhead Pass, Flight Idle Power 180 400 Clean JP-5

17 .0946 Parallel Pass, Flight Idle Power 230-180 500 Clean JP-5

18 .0949 Parallel Pass, Approach Power 190 500 Clean JP-5

19 .0952(1) Parallel Pass, Cruise Power 240 500 Clean JP-5

20 .0955 Parallel Pass, Cruise Power 255 400 Clean JP-5

21 .0958 Parallel Pass, Climb Power 260-270 500 Clean JP-5

22 .1001 Parallel Pass, Takeoff Power 280 450 Clean JP-5

23 .1006 Approach & Landing 121 T/D - 2000 Feet Marker 100% Flap JP-5

24 .1008 Takeoff & Climb 100 L/ - 2000 Feet Marker 50% Flap JP-5

25 .1012 Approach & Landing 100 T/D - 2000 Feet Marker 100% Flap Mixed (3)

26 .1014 Takeoff & Climb 100 L/O - 2000 Feet Marker 50% Flap Mixed

27 .1017 Parallel Pass, Takeoff Power 290 500 Clean Mixed

28 .1021 Parallel Pass, Takeoff Power 280 400 Clean Mixed

NOTES:

(1) No Photo Data.
(2) Cloud Cover Problem, Deleted Overhead Pass.

(3) Left Engines JP-4, Right Engines JP-5S
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TIMBIE 3 -2. Engine Operat ing Conditions

HORSEPOWER(1) FUEL. FLOW TORQUE TURBINE IN
Run (LB/HR) (1000's of IN-I.B) TP. ('F)
No. 1 2 3 4 I 2 3 1- 2 3 4 1 2 34

1 767 767 757 763 900 900 900 900 3.50 3.50 3.45 3.48 J 650 650 650

2 4111 4320 4100 4100 2100 2150 z5's 2100 18.75 19.70 1P.70 18.70 lo;6 1080 1071 I076

3 1096 1096 1096 1096 1000 1000 1000 1(IW)o 5.00 5.00 5.00 5.00 700 700 700 700

4 311 3421 3278 3289 1000 1000 1050 1040 15.10 15.60 14.95 15.00 99o 995 990 900

5 11 22 0 22 700 700 750 705 0.05 0.10 0.00 0.10 550 550 540 550

6 1316 1316 1316 1316 1075 1075 1075 1075 6.00 6.00 6.00 6.00 725 725 725 725

7 2566 2566 2566 2566 1500 1500 1500 1501 11.79 11.70 11.70 11.70 875 875 875 875

8 3815 3815 3815 3859 2000 2000 2000 200 0 17,40 17.40 17.40 17.60 1010 1010 1010 1010

9 4298 4298 4298 4298 220)1 0. LI 7200 2..)()11 l9.bO 114.60 19.60 11).O10 1060 1360 lot6, !It.)

10 0 0 0 0 650 650 650 650 0.0 0.0 0.0 0.0 550 550 550 550

11 0 0 0 0 600 600 600 600 0.0 0.0 0.0 0.0 550 550 550 550

12 1316 1316 1316 1316 1100 1100 1100 1100 6.0 6.0 6.0 6.0 730 730 730 730

13 2500 2500 2500 2500 1500 1500 1500 1500 11.40 11.40 11.40 11.40 875 875 875 875

14 3837 3837 3837 3837 2000 2000 20003 2000 17.50 17.50 17.50 17.50 1010 1010 1010 1010

15 4298 4298 42q8 4298 2100 2100 2100 2100 1G.60 19.60 19.60 19.60 1060 1060 1060 1060

16 0 0 0 0 700 700 700 700 0.0 0.0 0.0 0.0 550 550 550 550

17 0 0 0 0 600 600 600 60)0 0.0 0.0 0.0 0.0 550 550 550 550

18 1360 1360 1360 1360 1100 1100 1100 1100 6.0 6.0 6.0 6.0 725 725 725 725

19 2587 2587 2587 2587 1600 1600 1600 1600 11.80 11.80 11.80 11.80 875 875 875 875

20 2587 2587 2587 2587 1600 1600 1600 1600 11.80 11.80 11.80 11.80 875 875 875 875

21 3728 3728 3728 3728 2000 2000 2000 2000 17.00 17.00 17.00 17.00 1010 1010 1010 1010

22 4298 4298 4298 4298 2150 2150 2100 2120 19.60 19.60 19.60 19.60 1065 1065 1065 1065

23 219 219 219 219 600 600 600 bOO 1.00 1.00 1.00 1.00 700 700 700 700

24 4298 4298 4298 4298 2000 2000 2000 2000 19.60 19.60 19.60 19.60 1065 1070 1070 1070

25 263 263 263 263 1000 1000 1000 1000 1.20 1.20 1.20 1.20 660 660 660 660

26 4298 4291B 42')8 4298 2100 211m) 2100)1 2I(WI 19.60 19.60 19.60 19.60(2) 1070 1075 1070 1071)

27 4298 4298 4298 4298 2100 2100 2100 2100 19.60 19.60 19.60 19.60 1065 1065 10)0 100,)I

28 4298 4298 4298 4298 2100 2100 2100 2100 19.60 19.60 19.60 19.60 19.60 1065 1065 1065 ij

NOTES:

(1) Measured at Power Section, Gear Losses and Accessory Loads Not Substracted.

(2) Corrected from 17600 in. lb Based on TIT & Fuel Flow.
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TABLE 5-3. Ambient Conditions EAFB Weather Station

Run Time Temperature Pressure Humidity Cloud Cover Wind Speed Visibility

No. (Local) (OF) (1) (IN HG) (LB/LB (Altitude 6 5 Direction (MI)

-D Air) 2 Cover) (MPH_ True HOC) ______

1 .0830 67 27.51(1) .0071(1) 25,000 SCT, 10% 2 10 45

2 68 27.51 .0071

3 69 27.51 .0071

4 69 27.51 .0071

5 .0853 70 27.515 .00713 25,000 SCT, 30% 0 0 35

6 .0857 70 27.52(1) .00713

7 71 27.52 .00713

7 72 27.52 .00713

9 72 27.52 .00713

10 73 27.52 .00713

10 73 27.52 .00713

12 73 27.52 .00713

13 74 27.51(1) .00713

14 74 27.51 .00713

15 75 27.51 .00713

16 75 27.51 .00713

17 76 27.51 .00713

18 76 27.51 .00713

19 76 27.51 .00713

20 77 27.510 .00713 20,000 SCT & 0 0 35

25,000 BKN 10%

21 77 27.510 .00713

22 77 27.510 .00713

23 77 27.510 .0072(1)

24 77 27.510 .0072

25 78 27.510 .0072

26 78 27.510 .0072

27 78 27.510 .0073(1)

28 .1021 78 27.510 .0073

VoM._ES:

(1) Interpolated Between Readings at .0755, .0855, .0955 & .1055.
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photographic methods of measuring the plume transmissions are hindered.

Figure 5-2 illusrates this condition.

5.2 GROUND TESTS RESULTS

During the ground tests tile inboard engines were operated at four power

levels; Flight Idle, Approaco, Cruise and Jlimb, and on the same fuel which

was used during flight test. Takeoff power, which was originally planned, was

not run to reduce the possioility of smoke line failure, or other difficulty

due to the heavy buffeting of the aircraft which was encountered at climb

power. Because of the T56 engine smoke characteristic, which is almost flat

over the power range, this omission was judged not to detract from the

validity of the test.

The JP-4 and JP-5 fuels, sampled frowi the aircraft tanks, were analyzed by

the Fuels and Lubricants Laboratory at Wright Aeronautical Laboratories

(AFWAL/POSF). The analyses, given in Table 5-4 show that the JP-4 fuel used

was within specification. However, the JP-5 fuel had a smoke point of 17 mm

which was 2 mm below specification. Tnis characteristic would result in an

exhaust plume which was smokier and more visible than an average JP-5, with a

smoke point of 20.0 mm (Reference 32).

5.2.1 Smoke Tests

The Smoke Number (SN) which were obtained during the ground tests are

given in Table 5-b, along with other pertinent engine data. The smoke

signature of the engine was similar to that obtained during factory test stand

measurements, of T56 engines. Figure 5-2 shows these smoke test results,

plotted against measured engine horsepower. The engine exhaust SN for

operation on JP-5 fuel averages b8, which is 10 SN higher than with JP-4. It

should be noted that Smoke Numbers varied little with engine horsepower,

especially in the range of 2000 hp or greater.
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TABLE b-4. ANALYSIS UF FUEL USED IN PROGRAM

I tern JP-4 JP-5

Composition

Aromatics, vol % 10.4 19.1

Olefins, vol % 0.8 0.4

Volatility

Distillation i6P, -C 24 7u

10% O/ 173

20% 102 189

:O% 160 216

90% 226 267

95% 241 267

FBP 286 301

Flash Pt, °C 29.4

Gravity, API. 15.6%C 57.4 40.0

Vapor Pressure, Il Reid 2.3 0.3

Fluidity

Freezing Pt, 0C -70 -54

Combustion

Net Heat, Btu/lb 18,706 18,5;b

Luminometer No. 72 47.2

Smoke Pt, mm 26.0 1/.0

Hydrogen, NMR % wt 1.4.34 13.62

b0
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The fuel consumption values shown in lable b-5 for "cruise" and "climio"

power are considerably lower than the equiVdlent values obtained during flight

testing. This is due to the constant speed of the Tbb engine and to its

control characteristics. In both cases the engines were governed to the same

Turbine Inlet TPmperature [llI). However during flight, additional rain air

was induced into the engines, aid the engine control system scheduled more

fuel to compensate and thusly hold Ill -:onstant.

5.3 VISUAL OBSERVATIONS RESULTS

5.3.1 Ground Tests

The visual observations which were made during the gruund runups are

suimnarized in Table 5-b. The raw data can be found in the OEHL report,

(Reference 33). Table 5-b gives tne average opacity readings, smoke numbers

and the engine power for a given fuel type. It is evident from this data that

Observer B's readings are consistently lower than those of Observer A on all

test runs. This was confirmsied by a standard statistical ("t" test). When the

data were plotted graphically, it was found that the results are consistent

from run to run, indicating a systematic error reading for one or both

readers. More importantly, both observers were well within the range of

observer differences expected for LPi Method 9 (Reference 33). According to

Method 9 for black plumes, "99 percent of the sets were read with positive

error of less than 5 percent." Thus, according to Method 9, as long as both

observers read within 5 perce.. of each other, no true difference between

readers existed. This emphasizes the weakness of visual observations made in

accordance with Method 9 to discriminate between smoke plumes near the threshold

of visibility.

Table b-b also shows lower opacity readings at climb power than at cruise

power for JP-4. This dip was seen by both observers, nei'.her of whom had

knowledge of the engine settings until the data were tabulated. The reason

for this is unknown. It is hypothesized that this may indicate that the

bLa



TABLE 5-6. VISUAL OBSERVATIONS GROUP RUN UP SUMMARY

I Opacity Average Engine

Observer Power Smoke Fuel Flow

Run A 1 Setting No. lb/nr Fuel

S1 No Reading flt idle 44 800 JP-4

2 4.4 1.1 approach 45 875 JP-4

3 5.8 3.3 cruise 50 1350 JP-4

4 5.0 3 7 climb 50 1700 JP-4

5 7.5 ;,,.7 cruise 49 1360 JP-4

6 6.2 3.o climb 52 1700 JP-4

7 5.5 3.3 approach 42 900 JP-4

8 5.8 5.0 approach 54 900 JP-5

9 9.2 8.4 cruise 60 1400 JP-5

10 10.0 7.1 climb 59 1800 JP-5

11 10.0 7.6 cruise 59 1400 JP-5

12 9.7 9.5 climb 60 1800 JP-5

13 7.1 5.3 approach 53 900 JP-5

engine produces different size particles at different power settings, and that

these particles are more visible at cruise power. This observed result is

more likely due to changes in smoke particle density in the propeller stream,

which is at a higher velocity and turbulence at climb power than at cruise and

hence would dilute the engine exhaust more. The T56 engine operates at

constant mass flow over the power range. The increase in exhaust gas

temperature from cruise to climb power would also contribute to this dilution

effect.

5.3.2 Flight Tests

Opacity data from the visual observations made during the flight tests

are summarized in Table 5-7. The raw data are available in the OEHL repot
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(Reference 34). Table 5-/ olives averayu opacity readings, engine power set-

tings, engine fuel flow, and fuel type for each run made. Observer B's read-

ings are presented for only that part of tue flight path where readings were

taken by Observer A. This portion is shown in Figure 4-1. It includes ap-

proach and flyby (lones A-13 aod thle beginning of the lef,. turn past point B).

Outside of this area, the exhaust plimes were never visible, that is, with an

opacity of 2.6 percent or greater. The exhaust, therefore, did not add to the

aircraft's visibility outside of the liimited zcnes described in Table 5-7.

The results given in Table 5-7 indicate greater variability between ob-

servers during the flybys than for ttie ground runups. These differences may

have resulted because of the distance 1)(etweenr thlem. Certainly, the observa-

tion of a moving aircraft is more difficult than for a stationary source be-

cause of the constantly cnanging vie.,ing aingle to the plume. The morning sky

also had considerably less contrast tiun to a diffuse cloud background at low

viewing angles to the horiZOrn. The variauility between readers indicated

serious problems in making qu•ntitative inflight visual observations. The re-

duction in visible emissions between crmiuise and climb power noted during the

ground runups for JP-4 also appears in the infl ight data. Infliqht opacity

readings were below 21.4 percent iii a11 cases.

Note that observations of a Movirig (Mr stat ionary aircrdft do not meet tile

definition of stationary source for EPik 'lethod 9 -- Visual Detenrlnination of

the Opacity of Emissions from Stationary Sour-cs (Reference 33). The method

requires that the observer stand:

o at a distance froi the plume sufficient to provide a clear view of the

emi ssions;

o with his line of vision ,ipproximately perpendicular to the plume

direction; and

o with the sun orieuLted in 'Hiit, q,iulrant to his back.
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TABLE 5-7. VISUAL OBSERVATIONS, INFLIGHT SUMMARY

Opacity A~erage
--- Observer--- Fuel Flow1

Run A B Engine Power Setting lb/nr Fuel

2 17.1 8.0 takeoff and clinb 21I5 JP-4

3 01.4 11.7 approach and land 1000 JP-4

4 16.0 6.0 takeoff and climb 1020 JP-4

5 15.8 6.0 flt idle 710 JP-4

6 15.4 8.0 approach 1075 JP-4

7 16.5 7.0 cruise 1500 JP-4

8 15.5 7.0 climb 2000 JP-4

9 18.8 5.0 takeoff (climb) 2200 JP-4

10 - 3.3 flt idle 650 JP-4

11 8.0 1.0 flt idle 600 JP-4

12 9.5 3.3 approach 1100 JP-4

13 12.5 5.0 cruise 1500 JP-4

14 11.0 4.2 climb 2000 JP-4

15 13.3 5.0 takeoff (climb) 2100 JP-4

16 - 6.0 abort/flt idle 700 JP-5

17 9.4 4.0 flt idle 600 JP-5

18 16.5 7.9 approach 1100 JP-5

19 - 7.0 cruise 1600 JP-5

20 18.5 7.0 cruise 1600 JP-5

21 18.9 6.0 climb 2000 JP-5

22 16.4 5.0 takeoff 2130 JP-5

23 20.8 8.3 approach and land 600 JP-5

24 14.2 10.0 takeoff 2000 JP-5

25 18.3/11/7 8.0 approach 1000 JP-5/JP-4

26 13.3/11/7 5.7 climb 2100 JP-5/JP-4

27 11.22 4.2 takeoff 2100 JP-5/JP-4

28 10.02 10.0 takeoff 2100 JP-5/JP-4

NOTES: 1Fuel Flow is average of 4 readings, flight log.
2 Opacity readings on one engine, but field notes do not specify if

engine was using JP-4 or JP-5.
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The method also requires that recdinrqs be made by observing the plume

momentarily at 15-second intervals, over a b-minute period, and at the point

of greatest opacity. The vore wf tnest ,+ r1e1di is the observer

evaluation of the plume.

5.3.3 Conclusions frum Visual Ubservations

a. Stationary emissions sLandards are inappropriate for aircraft

emission observations because of the difficulties in obtaining sufficient

readings at one location for a valid series. Ringelniann readings (visual

observations of opacity) can be prejudiced and hence somewhat suojective and

inaccurate (Reference 35).

b. Although each observer was' self-consistent in nis own readings within

the accepted variation (+5 percent opacity) the observer's readings were not

consistent with each other during flig)ht tests.

c. In-flight emissions were only visible during approach flybys and turn

phases of the test. The emissions did not add to the aircraft visibility at

any other time - this included flyby when the exhaust plume was perpendicAlar

to the observer's line-of-siqht.

d. Grouna runup opacities did not exceed W3 percent with either JP-4 or

JP-5 under any power condition.

e. In-flight opacity readings C d not exceed 2l percent, even when the

observer's line-.of--sight nearly coincided with tne exhaust plume path, an

extremely conservative worst case.

f. The EPA's Smoke Number of ?b.-29 for a visiole plume appears overly

conservative. Smoke Numbers is high as 44 gave opacity readings as low as an

average of 2.2 percent (Jr-4 ground runup data, based only on visual

observations).
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5.4 PHOTOGRAPHIC/PHOTOMETRIC RESULTS

5.4.1 Flight Tests

Analysis of the imagery from Camera #2 provided smoke transmission data

for the C-130 flight test sequences conducted at EAFB. As previously dis-

cussed, the film from Camera #1 was improperly exposed and could not be used

to accurately determine the smoke plume transmission information.

The process of photometric data analysis is described in detail in Sec-

tion 4.5 of this report. The processed photographs were analyzed to produce a

map of digitized transmission data for each photograph which was taken. For

illustrative purposes, symbols which appear to represent a progression from

dark to light when printed can provide a simulated "photograph" of the scanned

image when printed as a map, called a "grey-scale" map. Using this method,

specific areas of the smoke plume that are of interest can be located. Grey

scale 'naps are shown in Figures 5-5, 5-7, 5-9, 5-11 and 5-13.

The mean transmission of the smoke plume in each flight test photograph

was determined using a statistical anlaysis routine, MAPSTAT. This code pro-

vides frequency distribution and oean values for a selected area of the trans-

mission map bounded by a user specified polygon. An example output table pro-

duced by the MAPSTAT analysis of a smoke plume transmission map is shown in

Figure 5-3. The table identifies the frequency of symbols on the map at each

transmission level, the total number of pixeis within the smoke plume, 1272,

and the average plume transmission, 96.2 percent.

Because of the large quantity of data taken and anlayzed, only examples

and not all of the transmission frequency distributions (normalized

histograms) are provided in this report. A complete set of frequency

distribution plots for all of the smoke test runs as well as a detailed
description of all the photometry work in the program is provided in the

report written by Scipar Inc., Buffalo, New York, (Reference 36).
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In the example given herein, the data are organize-d to present the
transmission data from each photograph during a single flyby on one chart.

The distrubution data were normalized to provide the relative frequency of
each transmission value within the smoke plume.

Example I - Run No. b

Run #5 was an overhead pass at idle power on JP-4 fuel.

Figure 5-4 illustrates the frequency distributions derived from Frames 2,

3, and 4 on Run #5. As the frame number increases, the observer's
line-of-sight changes from being hearly parallel to the exhaust plume path to
becoming more and more perpendicular. The distribution of transmission values

for Frames 2 and 3 are very similar. For Frame 4, the overall average plume
transmission measure between 97.5 percent and 98.5 percent within a single

cell or bin, and, therefore, the distribution appears as a single line

approaching 1.0 or 100 percent.

A grey scale map series of Run #5 is provided in Figure b-5. The grey

level in each map corresponds to various smoke transmission levelt as

indicated by the calibrated scale on the left side of the figure. The white

areas of the map indicate areas of 98.5 percent transmission or higher.

Example 2 - Run No. 6

Run No. 6 was an overhead pass at approach power on JP-4 fuel.

The frequency distributions for the smoke transmission from Run #6 are
shown in Figure 5-6. A grey scale map sequence for this run is provided in

Figure 5-7. The average transmissison of the plume during this run ranges
from 96 percent to 97.6 percent with portions of the plume at 89 percent

transmission. As illustrated by the grey scale maps, the definition of a
single plume is difficult because of the inconsistent accumulation of smoke
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from each engine. The overall plume is generated by 3 to 4 enqines in this

sequence, however, the contribution of smoke from each engine is shown to

vary. Note, however, that the transmission approaches 98 percent or gredter

in fraine 9 as the line of observation is approcichinrq a right angle with the

exhaust plume.

Example 3 - Run No. 9

The smoke produced by the C-130 aircraft during Run #9 (Overhead pass,

Takeoff power, JP-4 fuel) is plotted in Figure 5-8. The average plume

transmission in Frame #3 was calculated as 95.6 percent, whereas the smoke in

other frames from the run average above 97 percent. The distribution of

transmission values throughout the plume is varied for each frame, however,

Frame #3 illustrates that either the smoke production was increased (i.e.,

throttle change) or the dispersion of smn(ke was altered by atmospheric

conditions. This is illustrated in the grey scale map sequence in Figure

5-9. Examination of the smoke in Frame #3 and Frame #4 shows the development

of a dense smoke patch "moving away" from the aircraft. Note again that as

the sequence increases, the higher viewing aspect angles (less plume depth)

cause the transmission of the plume to approach IOU percent.

Example 4 - Run No. 13

The transmission data from Run No. 13 (Parallel pass, Cruise power, JP-4

fuel) is plotted in Figure 5-10 and mapped in Figure 5-11. This is an example

of a run where the measured smoke was minimal. Transmission averages of 97.8

percent and 97.9 percent for Frames 5 and 6 were found, with no measurable

smoke in Frame 7 and 8. The background "noise" illustrated at the top of

Frame #3 results from variation in the background brightness within the

frame. While the background is measured at these areas within the frame, only

the average value is used in reducing the data. This method does not account

for systematic variations in the background level. A more sophisticated

algorithm could be developed that would include the systematic sky background
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variatiun, however, this is only a significant problem when the target is at a

close range to the measurement camera or a large vdriation in background level

is present for other reasons.

Example 5 - Run No. 15

The next example is Run #15 (Parallel pass, Takeoff power, JP-4 fuel).

The relative frequency plot of smoke (ýransmissioni is provided in Figure 5-12

and the grey scale maps in Figure 5-13. In Frame #1, the smok, is blocked by

the aircraft ana; tWerefore, no transmission data were available. Dark plume
transmission values found in Frame #2 were due to the axial plume viewing

aspect. As the sequence progressed, the yiewing approached a perpendicular

aspect and no smoke could be measured,

5.4.2 Ground Tests

Photographic data were collected during ground test to determine the

plume transmission from a perpendicular aspect and relate chese values to

Smoke Number readings from a smoke meter. The collection of valid

photographic information, nowever, requires a uniform brightness sky
background. Transmission data could not be generated from the photographs,

since the sky background viewed through tne plume near the horizon was cloudy

and non-uniform. The nonuniform background varied within the field-of-view

of the camera enough that differences in measured brightnesses caused by the

smoke could not be distinguished from background changes.

Successful readings of opacity by the observers, Smoke Numbers and the
engine power for each test run were documented. The observers were able to

evaluate the plume opacity (with some difficulty) by viewing a selected area
and observing the brightness change due to the turbulent plume. By continuous

observation of the plume, much more information was available to the observers

than to the film for single instances.
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5.4.3 Conclusions from Photometric Testing

a. Average exhaLSt plume transmission values from 91.5 percent to over

98 percent were recorded during the testing encompassing a range of plume
visibility from visible through invisible, as required in the program plan.

b. At all power levels the exhaust plumes approached 98 percent or
greater (were invisible) when measured normal to the plume-~

c. The variability of the background brightness prohibited the
collection of valid Photometric da%'.a during ground testing.

d. In some instances cloud formation during the flight testing
inhibited making accurate transmission values. The grey scale maps showed

this condition and provided for acceptable interpretation of the data which

exhibited this type of noise.

5.5 TRANSMISSION MEASUREMENT COMPARISONS

The smoke plume data collected photographically are compared to the data

documented by the two certified visual emission readers in this section. This
involved examination of the darkest areas of the plume rather than the overall

average, since on each run the observers attempted to view the darkest area of
the plume and record its opacity (lOO--parcent Transmission). A problem, in
representing this visual estimation procedure in the analysis of the
photographic data occurs in selecting the plume size comparable with that the

observer views for generation of data. The angular resolution of the eye is
* approximately 1/60 degree (I arc minute); however, the evaluation of opac'ty

by the eye would not be made over that small an area. More reali~stically, it
was assumed that the observers averaged over an angular area of 5 to~ 15 arc
minutes in the darkest part of the plume.
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The resolution of the grey scale maps is similar to that of the eye in
that each pixel is a square with 1.72 arc minute sides. To reduce the

photographic data to a value representing the darkest visual area, a standard
data analysis format was developed. First, it was determined that the area of

26 pixels from the map equals the area of a circle with an angular diameter of
10 arc minutes. The next step was to represent the plume transmission data

from each frame as a cumulative distribution. The data from Run #6 are plotted
in Figure 5-14 for illustration. This plot illustrates the relative

contribution of each transmission value to the overall smoke plume by

examination of the slope of the curve. From this plot, the transmission value

at 10 arc minutes size or after 26 pixels was found for comparison to the
visual observer data. This value approximates the average transmission of the

plume over a 5--to 1l-arc minute size area. The cumulative frequency level
corresponding to 26 pixels varies between frames since the size (total number

of pixels) of the plume varies. The transmission values at 10 arc minutes are
identified on each cumulative plot in Figure 5-14.

Comparison of the photogrdphic and observer transmission data was
accomplished by plotting tne transmission values as a function of time. The

transmission values from the observers were obtained from the opacity values

that were documented in the OEHL Report. Figure 5-15 provides an example for

Runs #6 and #7. (The remaining plots are supplied in Appendix D of the Scipar
report.) The thin solid line represents data recorded by Observer A, the

dashed line represents Observer B, and the heavy solid line represents the
photographic data obtained from the darkest area of the plume (ýO arc

minutes). Because of the separate viewing positions of the two observers and

camera No. 2, the viewing aspects would be expected to become significantly

different during the last two to three 5-second irnte-vials (if the run
(approximately 5,000 ft range). Before that time, however, all transmission

data should, ideally, be the same.

Although some similar trends can be seen by Lxamining the photographic

data and the observer data, differences between all three sources are
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evident. Figure 5-16 is a scatter diagram illustrating the transmission data

measured photographically versus the observer readings. The data were plotted

at each 5-second interval. Values werte in~terpolated for time points where

no readings were made. The dashed line illustrates exact correlation. The
scatter of the data in the figure shows little correlation between the three

data sources. Most of the transmission values for Observer A range between 70

and 85 percent and for Observer B range between 90 and 100 percent.

Although there are many problems related to the collection of good photo-

graphic data, the transmission of the plume at each pixel on the map is accur-

ate at least within +2 standard deviations of the background brightness read-

ings (using a 95-percent confidence level). The accuracy, therefore, in the

transmision of each pixel is estimated to be better than +3 percent transmis-

sion. The accuracy (standard deviation) of the average or 10-arc minute

transmission values is considerably better and is estimated to be less than +1

percent transmissioni. The methods selected for combining each value within

the smoke plume to produce a single transmission value could introduce

systematic errors in relating the photographic data to the observer readings.

5.6 COMPARISON OF PHOTOGRAPHIC TRANSMISSIONS WITH SMOKE NUMBER

Comparison of the photographic measurements of the smoke plume transmis-

sions to the engine ground test Smoke Number (SN) at each power setting re-
quired the viewing aspect of the plume to be taken into account. To simplfy

the task of evaluating the exact viewing angles of each plume photograph, the

transmission data were grouped as a function of the slant range to the air-

craft; and the viewing aspect was assumed to be the same within each group.
The approximate slant range of the aircraft from each frame was determined by

measurement of the wingspan from the photographic image. Table 5-8 sunmmarizes

the average plume transmission for several range groups and engine Smoke Num-

bers. The Smoke Numbers were determined from the ground run ups of one en-
gine. The correlating factor between plume transmission and engine Smoke Num-

ber was the power setting used in each run.
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The average plume transmission versus Smoke Number for sla t ranges of

4,000 ft to 20,500 ft is plotted in Figure 5-17. The viewing elevation from

the plume axis for these slant ranges varies from I* to 70 while the viewing

azimuth varies from 0' to 14', i.e., the line of sight was nearly pa-allel to

the exhaust plume path. The dashed lines on the diygram illustrate the upper

and lower boundaries of the data. As illustrated by this envelope, the

variability of the dVerdye tr'dnI)llhiS ioUI ii•Lueades wiLh adn iicreade of Lhe

Smoke Number from 43 to 60 and precludes ..ignificant correlation between the

transmission and Smoke Number. However, these boundaries were developed for

the case where the observer's line-of-sight wa, nearly parallel to the exhaust

plume path.

Consequently, any threshold of visibility correlation should be derived

for broadside viewing, i.e., the observer's line of sight is perpendicular to

exhaust plume. This criteriun is supported by the results of Hoshizaki, et

al., on jet aircraft plume visibility. (Reference 7) Their comprehensive

study addressed plume geometry, smoke concentration in the plume, and the

local extinction coefficient; such parameters as turbulent mnxing, viewing

angle, and smoke number were considered.

The photometric measurements show that when viewed normal to the exhaust

stream, and where each engine can be viewed individually, the threshold of

visibility corresponds to a Smoke Number of approximately 48. As previously

stated, this is supported by the visual observations during the ground testing

where the trained observers never saw the aircraft smoke plumes until the

aircraft bpgan its final approach. Then the plume became invisible again when

the viewing angle approached 90 degrees. Since engine SN values varied from

43 to 60 during these observations, a Smoke Number value of 48 appea;'s

conservative.

An SN value, of 48 which corresponos to the threshold of visibility was

determinea by using 98-percent transmission is the accepted threshold of

opacity (Reference 37). Table 5-8 shows that the only large variations
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from this value exist for the higher Smoke Number runs. At aspect angles near

900 (broadside view) and hence shorter slant ranges, all transmissions values

for the lower smoke cases are within the approximated I-percent experimental

error of being 98-percent transmissive.

Examination of the grey scale maps given earlier also supports the

visible threshold value uf SN - 48. In each case, the transsmission of the

plume either approaches 98-percent transmissiviity or is greater than 98

percent as the aspect angle approaches 900 , broadside viewing.

Further examination indicates that the total plume from all four engines

has a complex interaction/dispersion behind the aircraft but that near the

aircraft, each engine plume is not only independent of the others but also

decreases in opacity with downstream distance.
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APPENDIX A

PARTICIPATING LABORATORIES AND ORGANIZATIONS

I. Environmental Sciences Branch, Air Force Engineering and Service Center

Tyndall, AFB, Florida

2. Air Force Logistics Command, Wright Patterson AFB, Ohio

3. Detachment 4, 2762 Logistics Squadron, Air Force Logistics Command

Ontario, California

4. Occupational and Environmental Health Laboratories, Brooks AF6, San

Antonio, Texas

5. 651Oth Test Wing, Air Force Flight Test Center, Edwards Air Force Base,

California

6. Operations Test Center, Air Force Flight Test Center, Edwards AFB,

California

7. Fuels and Lubricants Division, Aero Propulsion Laboratory, Air Force

Wright Aeronautical Laboratories, Wright-Patterson AFB, Ohio

13. SCIPAR Incorporated, Buffalo, New York

9. Experimental Test Department, Detroit Diesel Allison Division, General

Motors Corporation, Indianapolis, Indiana

10. Combustion Research and Developoaent Section, Detroit Diesel Allison
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A'PLNIUIX 13

AIRCRAFT & EN61NE D)ATA

AIRCRAFT: Lockheed Transport Model C-13UH (Hiercules)

ENGINES* Allison Turboprop Model Fb6-A-15.

Installed Position: 
3 4

Serial No. AE1o9gbo iE IlU687 AElO'5l2 AE 104249

Time (hours) at Start of Program: 4403.5 3b49.7 2H1,8 2688.4
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